Surface reflectance has a central role in the analysis of land surface for a broad variety of agricultural, geological and urban studies. An accurate atmospheric correction, obtained by an appropriate selection of aerosol type and loading, is the first requirement for a reliable surface reflectance estimation. The aerosol type is defined by its micro-physical properties, while the aerosol loading is described by optical thickness at 550 nm. The aim of this work is to evaluate the radiative impact of the aerosol model on the surface reflectance obtained from CHRIS (Compact High Resolution Imaging Spectrometer) hyperspectral data over land by using the specifically developed algorithm CHRIS@CRI (CHRIS Atmospherically Corrected Reflectance Imagery) based on the 6SV radiative transfer model. Five different aerosol models have been used: one provided by the AERONET inversion products (used as reference), three standard aerosol models in 6SV, and one obtained from the output of the GEOS-Chem global chemistry-transport model (CTM). As test case the urban site of Bruxelles and the suburban area of Rome Tor Vergata have been considered. The results obtained encourages the use of CTM in operational retrieval and provides an evaluation of the role of the aerosol model in the atmospheric correction process, considering the different microphysical properties impact.
INTRODUCTION

Introduction
Hyperspectral remote sensing is used in a wide variety of topics for atmospheric, climatological, environmental and land surface applications (Paronis et al., 2010) . To obtain reliable estimations of surface reflectance from satellite, the images acquired must be corrected considering the aerosol particles effects on the spectrum recorded. The atmospheric correction algorithms for land have evolved over the years, from earlier scene-based empirical approches (Kruse et al., 1985; Roberts et al., 1986; Conel et al., 1987) to more recent methods based on rigorous radiative transfer modeling (Gao et al, 1993; Ritcher et al., 1996) . The combined use of model and empirical procedures have been proposed in few papers (Ben-Dor, 2004 ). An accurate atmospheric correction is obtained by an appropriate selection of aerosol loading and type used in the algorithm designed. Several studies have shown the crucial role of aerosol optical thickness at 550 nm in the atmospheric transfer modeling (Kauffman et al., 1997; Kokhanovsky et al., 2007 , 2008 , Bassani et al., 2010 and on the atmospheric correction of multi and hyperspectral data for ocean and land properties retrieval (Kotchenova et al., 2008; Vermote et al, 1997b; Kauffman et al., 2002; Gaunter et al., 2007; Gao et al., 2009; Goetz et al, 1985) . In this work, the aerosol radiative impact was investigated comparing the reflectance obtained by applying the CHRIS@CRI algorithm with different aerosol models: one using AERONET data, three standard types implemented in 6SV, and one extracted from the detailed simulations of the chemistry-transport model GEOS-Chem. The microphysical properties (size distribution, real and imaginary part of the refractive index), and the optical properties (single scattering albedo and asymmetry parameter) from sunphotometer data are considered as reference.
DATA
AERONET data
The automatic tracking sunphotometer CIMEL CE-318 measures the direct spectral solar irradiance and sky radiance for solar almucantar or principal plane scenario at six normal bands (440, 500, 670, 870, 940 , and 1020 nm) (Holben et al., 1998) . It provides the aerosol optical thickness at the six nominal bands, the columnar content of water vapor (wv) and ozone (O 3 ) from the direct component of the solar irradiance. The aerosol micro-physical and optical properties (aerosol complex refractive index, single scattering albedo and the scattering phase function) are retrieved from the diffuse components of sky radiance on four bands (442, 668, 870 , and 1020 nm) at specific angles (Dubovik et al., 2000) . Aerosol optical depth data and inversions products are provided for three data quality levels: Level 1.0 (unscreened), Level 1.5 (cloud-screened), and Level 2.0 (cloud-screened and qualityassured). The AERONET inversion products are often available only at quality Level 1.5, Level 2.0 data were preferred when possible for the atmospheric correction process.
CHRIS data
CHRIS (Compact High Resolution Imaging Spectrometer) on PROBA satellite is an high resolution multiangular imaging spectrometer. CHRIS provides acquisitions up to 62 narrow and quasi contiguous spectral bands, with a spectral range from 400 to 1050 nm and a spatial resolution of 17 or 34 m. The specific feature of CHRIS is that it provides data from five observation angles during the same overpass. In this work all CHRIS images in this work are acquired in Mode 3, characterized by a full resolution and a full swath. The specific requirements for imagery acquisition were the clear-sky condition, and high solar irradiation (solar zenith angle < 60°) and the aerosol loading defined by an AOT value > 0.1. The corresponding values of the solar zenith angle, the aerosol optical thickness at 550 nm (AOT@550nm) from AERONET data and from GEOS-Chem simulations, the water vapour (wv) and ozone (O3) columns, and the quality Level of AERONET data are also shown. Table 1 shows date and time of selected CHRIS images and of the corresponding atmospheric aerosol data (AOT@550nm, wv and O 3 columnar contents) from simultaneous AERONET measurements. The value of AOT@550nm obtained from GEOS-Chem model simulations, the solar zenith angle relative to the two CHRIS overpasses and the AERONET data quality Levels is also specified for each case studies.
METHODS
Atmospheric correction algorithm
The physically-based atmospheric correction algorithm CHRIS@CRI needs as input the aerosol AOD at 550 nm, the water vapor (wv) and ozone columnar content (O3) and a standard or user-defined aerosol type, defined by its size distribution function and complex refractive index. The algorithm for the atmospheric correction of CHRIS images was implemented following the method developed by Bassani et al., 2010 . The surface reflectance  g , is computed, for each instrument channels as:
( 1) where  TOA = top of atmosphere (TOA) reflectance  atm = the atmospheric reflectance (or path radiance) S= spherical albedo t g = the gas transmittance t s = the total transmittance
The radiative quantities are simulated by a pixel-by-pixel method over a scan-line with a spectral sampling of 2.5 nm covering the domain from 350 nm to 2.5 m by using the latest version of 6SV. To avoid a considerable computational processing time, due to the pixel-by-pixel method, the 6SV code runs just for the viewing geometry on a selected number of pixels, equidistant along a scan line. The radiative quantities are then interpolated along all of the scan line pixels. The CHRIS@CRI algorithm computes the convolution of radiative quantities on the spectral response of CHRIS sensor assumed Gaussian. The central wavelengths and the FWHM are provided by the HDF file, containing the CHRIS image. The HDF file provides also the geometric input, as well as the longitude (degrees) and latitude (degrees) for each CHRIS image pixel.
In the atmospheric correction of satellite data in the visible and near-infrared channels, it is necessary to remove the adjacency effect due to the reflection from neighbors pixels. The surface reflectance is calculated applying the empirical formula used in atmospheric correction algorithms (Bassani et al., 2010; Kotchenova et al., 2008; Vermote et al., 1997b) ] (3) where <ρ g > is the mean of the pixels adjacent to the viewing pixel covering CHRIS sensors swath (13 km 2 ). With the aim to evaluate the role of the aerosol model in the atmospheric correction procedure, the micro-physical properties of the 6SV aerosol standard types (maritime, urban or continental), those obtained from AERONET inversion products, and from the GEOS-Chem model simulations, have been introduced in the CHRIS@CRI algorithm. The 6SV standard types (maritime, urban, continental) are defined as a combination of the four basic aerosol components: sea-salt, water-soluble, dust-like and soot (see Table 2 ). Table 2 . The volumetric mixing ratio of the four basic components (dust-like, oceanic, water-soluble and soot) for urban, maritime and continental 6SV standard aerosol models (D'Almeida et al.,1991; Kokhanovsky et al., 2008) 
GEOS-Chem/FlexAOD model
GEOS-Chem is a global chemistry-transport model (CTM) (Bey, 2001 ) for atmospheric composition driven by assimilated meteorology from the Goddard Earth Observing System (GEOS) of the NASA Global Modeling and Assimilation Office (GMAO). Here we use model version 9-01-03, which is freely available online together with full documentation at http://geoschem.org. Meteorological data version are GEOS-5 at a spatial resolution of 2° × 2.5° in the horizontal and 47 layers in the vertical (from the surface to 0.01 hPa), with resolution degrading from ~100 m in the first kilometer, to ~500 m in the upper troposphere, and a few km in the mesosphere. In Figure 1 the comparison of the aerosol volume size distributions is shown. The AERONET size distribution does not show a clear prevalence of fine or coarse mode, while for the GEOS-Chem model the distribution is mostly shifted to the fine mode, with a peak concentration higher of a factor of 3 with respect to AERONET. The 6SV urban and continental fine modes are similar, but the urban one shows a doubled peak concentration. The 6SV maritime model does not have a fine mode and the coarse mode is similar to that from Bruxelles AERONET. In Figure 3 the single scattering albedo behavior is shown for the five aerosol types, for the two scenes. The AERONET data for Rome describe an absorbing aerosol type, with values near 0.6, similar to those of the urban aerosol. While Bruxelles AERONET values are nearly superimposed to those of the continental 6SV standard type, near 0.9. The GEOS-Chem single scattering albedo values are similar for both Tor Vergata and Bruxelles, nera 0.8 and 0.9 until 750 and 600 nm, respectively and decreasing to 0.6 for higher wavelengths. To validate the atmospheric correction algorithm CHRIS@CRI, the reflectance values obtained using the reference tool BEAM, were compared to those obtained by applying the CHRIS@CRI algorithm using AERONET data for aerosol loading and aerosol microphysical properties for the Bruxelles image. The percentage difference: (4) was calculated for all spectral channels to evaluate and quantify the comparison between the reflectance values.
In Table 3 the results for the percentage difference analysis are resumed for all CHRIS channels, considering the mean value and the relative standard deviation. For only three channels the mean value is higher than 10%, those centred at 443 nm, 570 nm and 897 nm. In particular, the results for the latter are probably due to some miscalibration trends that characterized CHRIS sensor (Guanter et al., 2005 Table 3 . Mean and standard deviation of the relative differences of reflectance, for all instrumental channels, obtained with AERONET model with respect to those obtained with the tool BEAM, for the CHRIS image over Bruxelles. Figure 5 . The surface reflectance obtained using the BEAM tool and applying the CHRIS@CRI algorithm using AERONET data for two different targets, an industrial roof (top) and a vegetated area (bottom).
In 5 the surface reflectance obtained using the BEAM tool and applying the CHRIS@CRI algorithm using AERONET data are presented as a function of wavelength for the Bruxelles image. The two reflectance curves show the typical behavior expected for a vegetated area and for a brighter target, as an industrial roof. For the first, the reflectance values are lower than 0.1 from 400 to 700 nm, while in the NIR channels they are higher than 0.3. For the brighter target they vary similarly between 0.15 to 0.3. The reflectance spectral behaviour obtained with the two methods is in perfect agreement with the results of the surface reflectance percentage difference ( AB ) analysis.
Reflectance analysis.
The aerosol radiative impact has been quantitatively investigated comparing the reflectance obtained by applying the CHRIS@CRI algorithm with the five different aerosol models. In particular, the attention of our work was centered on the GEOS-Chem results. The aerosol loading is described by the aerosol optical depth at 550nm from AERONET data for all cases except GEOS-Chem. In this case the simulated value is directly used. The relative difference with its corresponding reflectance is used as metric to evaluate the differences among models:
The aerosol model defined by AERONET data is used as reference. In Table 4 the mean and standard deviation of the differences in all pixels are reported. For Tor Vergata CHRIS image, the best agreement is achieved with the urban model (near -1%) while for Bruxelles image the GEOS-Chem model shows the lower percentage reflectance difference (near 0% GEOS-Chem -10 ± 2.4 0.31 ± 1.3 Table 4 . Mean and standard deviation of the relative differences of reflectances obtained with different aerosol models (continental, urban, maritime, and GEOS-Chem) with respect to those obtained with the AERONET model, for the two CHRIS images.
In Figure 6 the relative difference of the surface reflectance at 550 nm of the values obtained from the CHRIS@CRI atmospheric correction algorithm with the GEOS-Chem model and those obtained with AERONET data, are shown for both Tor Vergata and Bruxelles. The values are in agreement with the results showed in the Table 4 and display no notable systematic bias. 
CONCLUSIONS
The CHRIS@CRI atmospheric correction algorithm was applied to two CHRIS-PROBA hyperspectral images over land (Tor Vergata on 1 st March 2005, Bruxelles on 19 th August 2009). The algorithm was instructed with five alternative aerosol models (one obtained from AERONET inversion products, three from 6SV radiative transfer model standard types, and one simulated with the chemistry-transport model GEOS-Chem) to evaluate their impact on the surface reflectance retrieval. The reflectance derived from AERONET was chosen as reference. The general quality of the CHRIS@CRI algorithm was benchmarked against results obtained with the standard BEAM software on the Bruxelles image. The comparison of CHRIS@CRI results are found to be consistent with BEAM reflectance within 10% for all wavelengths, without any notable systematic bias. This thus lends confidence in the use of the CHRIS@CRI algorithm. The analysis of the relative differences between the surface reflectance calculated with the different aerosol models displays results in agreement with the microphysical and optical properties of the aerosol models. The AERONET data have aerosol properties mostly similar to a urban and a continental standard type, for Tor Vergata and Bruxelles, respectively. The aerosol properties from the GEOS-Chem model are similar to a continental standard type in both scenes. For these test cases, the role of the real and imaginary part of refractive index was shown to be more relevant to determine the aerosol model radiative behavior rather than the size distribution function. This work provides an evaluation of the role of the aerosol model in the atmospheric correction process, considering the different microphysical properties impact. This work also showed that the use of output from chemistry-transport models (CTM) , may be fruitfully used in satellite retrieval algorithms. In fact, it was demonstrate that CTMs are able to well reproduce aerosol properties locally.
